Subarachnoid hemorrhage is a life-threatening disease, and its mortality and morbidity are high despite the recent technical advancement. 1 The main cause of subarachnoid hemorrhage is rupture of a pre-existing cerebral aneurysm (CA). Although CA is an important disease in the public health because of its high prevalence 2 and the severity of subsequent subarachnoid hemorrhage, 1, 3 the specific mechanisms of CA formation are not fully understood. Given that CAs occur at the bifurcation site of cerebral arteries, where hemodynamic force is most strongly loaded, hemodynamic force is considered as an underlying condition of CA formation. 4, 5 In arterial walls, protective mechanisms against hemodynamic force are well recognized. 6, 7 Endothelial nitric oxide synthase (eNOS) is one of the most important molecules. 6, 8 It is an enzyme that catalyzes nitric oxide (NO) to dilate arteries and reduces the hemodynamic stress to arterial walls. In various pathological conditions, eNOS has a protective role against disease formation and progression through the reduction of hemodynamic force loaded. 9, 10 For example, in abdominal aortic aneurysm (AAA), eNOS deficiency has resulted in the increased incidence of AAA formation. 10 However, the role of eNOS in CA formation has not been well characterized. In this study, we examined the role of eNOS in CA formation using experimental CA models of rats and mice. [11] [12] [13] 
MATERIALS AND METHODS Induction of Experimentally Induced CAs in Rats
Animal care and experiments complied with Japanese community standards on the care and use of laboratory animals, and all procedures of animal experiments were approved by the committee for animal experiments of Kyoto University.
Rat CAs were induced as previously described 13, 14 (Supplementary Figure 1 ) in which we have repeatedly demonstrated the similarity of this model with human CAs and suitability as a CA model. 11, 15, 16 Briefly, under the general anesthesia by pentobarbital (50 mg/kg i.p.), the left carotid artery and posterior branches of the bilateral renal arteries were simultaneously ligated with 10-0 nylon in 7-week-old male Sprague-Dawley rats. Animals were fed high salt diet containing 8% sodium chloride and 0.12% b-aminopropionitrile (BAPN: Tokyo Chemical Industry, Tokyo, Japan), an inhibitor of lysyl oxidase that catalyzed the crosslinking of collagen and elastin, from just after the surgical procedure. Lysyl oxidase was decreased in CA walls and contributed to CA formation. 17 BAPN mimicked the decrease of lysyl oxidase in CA walls and was used for amplifying the degenerative changes of arterial walls and for increasing the incidence and enlargement of CA formation. 17 Blood pressure was measured by tail-cuff methods without any anesthesia.
Induction of Experimental CAs in Mice eNOS
À/À mice 18 and neuronal nitric oxide synthase (nNOS) À/À mice, whose genetic background was C57/B6, were purchased from Jackson Laboratory (Bar Harbor, ME,
nNOS À/À mice were generated by mating eNOS À/À mice and nNOS À/À mice. For the confirmation of knockout allele, genotyping using primers described in Jackson Laboratory Homepage was performed. Only male littermates were used in the experiment. At 7 weeks, CAs were induced as previously described. 12 Briefly, the left carotid artery was ligated under the general anesthesia by Fluothane. After 1 week, posterior branches of the bilateral renal artery were ligated. Animals were fed the same food as used in rat CA model. We could not induce CAs in mice without BAPN, and hence we added this compound in food. Blood pressure was measured in all mice by tail-cuff method like rat.
After 5 months of CA induction, mice were killed and transcardinally perfused by 4% paraformaldehyde. Then, the entire circle of Willis was stripped from brain surface and the right anterior cerebral artery/olfactory artery (ACA/OA) bifurcation was dissected. Dissected ACA/OA bifurcation was embedded and frozen. Sections, 5-mm thin, were cut and mounted on silane-coated slides. After Elastica van Gieson staining, CA formation at right ACA/OA bifurcation was assessed under a light microscope. Aneurysm refers to an outward bulging of the arterial wall detected by a light microscopy (Supplementary Figure 1) . One of the pathological features of CA walls was the discontinuity of the internal elastic lamina and thinning of media. The degenerative change of the internal elastic lamina leads to the weakening of arterial stiffness and is considered as the underlying pathology of CA formation. [19] [20] [21] Hence, we defined early aneurysmal change as a lesion with the discontinuity of the internal elastic lamina without apparent outward bulging of the arterial wall. Advanced aneurysm refers to an obvious outward bulging of the arterial wall with the fragmentation or disappearance of the internal elastic lamina. Three independent researchers assessed the histopathological changes.
Immunohistochemistry At 1 or 3 months after CA induction, all rats were deeply anesthetized and perfused transcardinally with 4% paraformaldehyde. As a control sample, age-matched male Sprague-Dawley rats were killed as described above. ACA/OA bifurcation was stripped, embedded and frozen. Sections, 5-mm thin, were cut and mounted on silane-coated slides. After blocking with 5% Donkey serum, primary antibody was applied and incubated followed by the incubation with fluorescence labeled secondary antibodies (Jackson Immuno Research, Baltimore, MD, USA). Then, the slides were excited for fluorescence by illumination through a fluorescence microscope system (BX51N-34-FL-1, Olympus, Tokyo, Japan). As a negative control experiment, we performed the immunostaining without primary antibodies and identified the nonspecific signal.
The eNOS-positive area in 100 mm 2 around a dome of CA or corresponding site of control artery were calculated as the ratio of fluorescence-positive area for eNOS to arterial wall by Scion Image (Scion, Frederick, MD, USA).
The primary antibodies used were listed as follows: mouse polyclonal anti-CD68 antibody (HyCult, Uden, The Netherlands), rabbit polyclonal anti-eNOS antibody (Lab Vision, Fermont, CA, USA), mouse monoclonal anti-eNOS (Biomol Research Laboratories, Plymouth, PA, USA), rabbit polyclonal anti-nNOS antibody (Santa-Cruz, Santa Cruz, CA, USA), rabbit anti-inducible nitric oxide synthase (iNOS) antibody (Santa-Cruz) and goat polyclonal anti-platelet/ endothelial cell adhesion molecule (PECAM)-1 antibody (Santa-Cruz).
The number of infiltrated macrophages was calculated as the number of CD68-positive cells in 50 mm 2 around dome of CAs.
Western Blotting At 1 or 3 months after CA induction, the whole-cell lysate from the anterior portion of the circle of Willis was extracted using Complete Lysis M Kit (Roche, Basel, Switzerland). Whole-cell lysate (15 mg) was used in each experiment. We made the plural membranes with the same samples and same amount of proteins to avoid the stripping of probes. After electrophoresis, transfer to PDVF membrane (GE Healthcare, Buckinghamshire, UK) and blocking with ECL plus blocking agent (GE Healthcare), membranes were incubated with primary antibodies (mouse monoclonal anti-eNOS antibody (Biomol Research Laboratories), others are same in immunohistochemistry) followed by incubation with horseradish peroxidase-conjugated anti-IgG antibody (GE Healthcare). The signal was detected by chemiluminescent reagent (ECL plus Western Blotting Detection System, eNOS and nNOS inhibit CA formation T Aoki et al GE Healthcare). a-Tubulin was served as an internal control. Densitometric analysis included five independent experiments.
PCR Reactions in Mice
Total RNA from the whole circle of Willis was extracted by RNeasy Fibrous Tissue Mini Kit (QIAGEN, Hilden, Germany) and converted into cDNA by Sensiscript reverse transcriptase (QIAGEN). PCR was performed using HotStar Taq polymerase (QIAGEN). b-Actin was used as an internal control. As a negative control experiment, we performed the experiment without primers. PCR products were separated by the electrophoresis in 2% agarose gel. Densitometric analysis included five samples per group.
The primer sets used were following: forward 5
Statistical Analysis
Data (mean (s.d.)) were analyzed by the Mann-Whitney U-test for a two-group comparison, and Kruskal-Wallis oneway ANOVA on ranks followed by the Turkey-Kramer test for a multiple comparison. The incidence of aneurysmal changes was analyzed using Fisher's exact test. Differences were considered statistically significant at Po0.05.
RESULTS

Expression of eNOS in Experimentally Induced CAs in Rats
First, to confirm the expression of eNOS during CA formation, immunostaining and western blot analysis for eNOS were performed in experimental CAs of rats. In control arterial walls, immunostaining showed that eNOS was expressed mainly in endothelial cells and partially in the adventitia tissue (Figure 1b) . In CA walls at 1 and 3 months after CA induction, eNOS was also expressed mainly in endothelial cells, and its expression in CA lesions was decreased compared with that in control arteries (0 month (M); 8.0% (3.3), 1M; 2.9% (2.2), 3M; 0.9% (0.9), n ¼ 4 for all groups, 0M vs 1M: P ¼ 0.040, 0M vs 3M: P ¼ 0.020; Figure 1d and f; CA walls are shown in square).
In western blot analysis using proteins from the circle of Willis, the expression of eNOS was significantly upregulated after CA formation (1 versus 3 months: Po0.01, n ¼ 5; Figure 2 ).
These results combined together suggest that the expression of eNOS in endothelial cells is downregulated at the site of CA progression, although it was upregulated in whole circle of Willis.
CA Formation in eNOS
À/À Mice To confirm the role of eNOS in CA formation, eNOS þ / þ and eNOS À/À mice underwent CA induction. CA formation at the right ACA/OA bifurcation was histopathologically evaluated 5 months after CA induction and classified into three categories as described above. There were no anatomic differences in the circle of Willis between eNOS À/À and eNOS þ / þ mice (data not shown). After 5 months of CA induction, 4 of 10 eNOS À/À mice (40%) presented early aneurysmal changes and 2 (20%) presented advanced aneurysms. In eNOS þ / þ mice, 10 of 18 mice (56%) developed aneurysmal changes and 3 (17%) eNOS and nNOS inhibit CA formation T Aoki et al developed advanced aneurysms. The incidence of all aneurysmal changes, including early aneurysmal changes and advanced aneurysms, was not statistically different ( Figure 3a) . eNOS deficiency is well known to increase systemic blood pressure. eNOS-deficient mice used in this study certainly showed the tendency of increased systemic blood pressure, but the differences did not reach statistically significant level (eNOS þ / þ mice: 91.5 (17.7) mm Hg at 0 months, n ¼ 10; 128.2 (8.9) mm Hg at 5 months, n ¼ 10; eNOS À/À mice: 96.9 (14.2) mm Hg at 0 months, n ¼ 10; 155.2 (30.7) mm Hg at 5 months, n ¼ 9; eNOS À/À versus eNOS þ / þ mice: P ¼ 0.096; Figure 3b ).
MCP-1 and VCAM-1 Expression and Subsequent
Macrophage Infiltration in Experimentally Induced CA Walls of Mice Macrophages are the main inflammatory cells in CA walls and have a critical role in CA formation. 22 To examine the chronic inflammation in CA walls, we assessed the macrophage infiltration and responsible molecules, VCAM-1 and MCP-1. VCAM-1 was the adhesion molecule responsible for transendothelial migration of macrophages and MCP-1 was a major chemoattractant for macrophages.
VCAM-1 expression was not detectable, and MCP-1 expression was only weakly detected in control arterial walls of both eNOS À/À and eNOS þ / þ mice (Figure 4a ). These expressions were significantly elevated after CA induction, but there was no significant difference (Figure 4a-c These results combined together suggest that eNOS deficiency did not influence the chronic inflammation and resultant CA formation.
Compensation of eNOS Deficiency by nNOS
There are three types of NOS: eNOS, iNOS and nNOS. 7 eNOS deficiency failed to influence CA formation. One of the possible mechanisms is that other NOS family members compensate for eNOS deficiency. To verify whether compensatory mechanisms were present, we examined the expression of nNOS and iNOS in the CA walls of eNOS À/À mice. Immunostaining revealed that eNOS expression was certainly present in the CA walls of eNOS þ / þ mice and was absent in eNOS À/À mice (Figure 5a and b) . Both nNOS and iNOS were expressed in CA walls. Majority of both signals were not merged with signals of PECAM-1 (red signals in the figure), suggesting that the major expression site was the media of CA walls in both eNOS À/À and eNOS þ / þ mice. Signals of nNOS were increased in both the endothelial cells and the media of the CA walls of eNOS À/À mice (Figure 5c  and d) . Expression of iNOS was also increased, but only In western blot analysis, nNOS expression was significantly higher in eNOS À/À mice than in eNOS þ / þ mice (Po0.01, n ¼ 5 in each group). On the contrary, iNOS expression was not different between both mice (Figure 5g) . Like western blot analysis, RT-PCR revealed that in cerebral arteries without CA induction, the expression of nNOS was higher in eNOS À/À mice than in eNOS þ / þ mice and that the expression of nNOS was significantly upregulated in eNOS À/À mice compared with eNOS þ / þ mice after CA induction. Although iNOS expression was certainly upregulated in both eNOS À/À and eNOS þ / þ mice, there was no difference (Supplementary Figure 2) .
These results combined together indicate the possibility that nNOS compensates for the effect of eNOS in cerebral arteries and CA walls of eNOS À/À mice. 
CA Induction in eNOS
In eNOS
À/À nNOS þ /À mice, the incidence of all aneurysmal changes was 76% (13 of 17), and 41% of mice (7 of 17) developed the advanced aneurysm. In eNOS À/À nNOS À/À mice, the incidence of all aneurysmal changes was 100% (19 of 19) and 63% of mice (12 of 19) developed advanced aneurysms (Figure 6b ). Through the deletion of nNOS in eNOS À/À mice, the incidence of CA formation significantly increased in eNOS À/À nNOS À/À mice compared with eNOS þ / þ nNOS þ / þ mice (Po0.01; Figure 6b) . Furthermore, the incidence of advanced aneurysms also significantly increased through the deletion of nNOS with gene dosage effect (eNOS Po0.01 and P ¼ 0.040, respectively, Figure 6b) .
Notably, CA formation in nNOS
À/À mice (8 of 10) was not significantly different (P ¼ 0.25) with observed in wild-type mice like eNOS À/À mice, suggesting that eNOS and nNOS had the functional redundancy in cerebral arteries (Figure 6b) .
Macrophage infiltration in CA walls was significantly higher in eNOS À/À nNOS À/À mice than in eNOS , n ¼ 10; P ¼ 0.043; Figure 6c ). These results suggest that nNOS can compensate for the protective effect of eNOS on CA formation.
DISCUSSION
This study, in which we examined the role of eNOS in CA formation mainly by eNOS À/À mice, yielded two important results: (1) eNOS deficiency is functionally compensated by nNOS in cerebral arteries and (2) eNOS and nNOS cooperatively have a protective role in the inflammation of cerebral arteries and suppress resultant CA formation. Our hypothesis about the contribution of eNOS and nNOS in CA formation from this study is that in CA walls, eNOS expression is downregulated because of the damage and hypofunction of endothelial cells in CA walls, probably by shear stress loaded. nNOS mainly produced by media contributed to the suppression of CA formation by compensating the eNOS downregulation in endothelial cells. However, at the late stage of CA formation, in which media of CA walls was also degenerated, nNOS expression may also be reduced, resulting in the CA formation as in double knockout mice.
Arterial walls are continuously loaded by circulating blood flow, which generates hemodynamic force. NO produced by NOS is one of the most important protective mechanisms against the continuous hemodynamic force. 23 There are three members in the NOS family. Among them, eNOS is expressed in endothelial cells of arterial walls and most importantly contributes to the arterial dilatation through NO production. 23 Because hemodynamic force with subsequent mechanical injury in arterial walls is the underlying common mechanism of various arterial diseases, eNOS is believed to have a protective effect on arterial diseases. In fact, many experimental findings have verified the protective role of eNOS against arterial diseases. For example, eNOS À/À mice exhibit an increased incidence and severity of atherosclerotic lesions 10 and AAA. 10 In this study, we first hypothesized that eNOS À/À mice show an increased incidence of CA formation, like the results in atherosclerosis and AAA. 10 Besides initial hypothesis, eNOS À/À mice failed to exhibit the increased incidence of CA formation through the compensation of eNOS deficiency by nNOS upregulation, which is the other member of the NOS family (Figures 3-5) . The functional compensation of eNOS deficiency by nNOS was confirmed by CA induction in eNOS À/À nNOS À/À mice. These eNOS À/À nNOS À/À mice demonstrated the remarkably increased incidence of CA formation through accelerating arterial inflammation assessed by infiltrated macrophages (Figure 6 ). eNOS and nNOS inhibit CA formation T Aoki et al nNOS and eNOS are both constitutively expressed in arterial walls, mainly in endothelial cells and nerves, 24, 25 respectively, and coordinately have a role in relieving hemodynamic force. Recent experimental studies have revealed that like eNOS, nNOS has a powerful protective role in various arterial diseases. 8, 26, 27 In fact, nNOS is upregulatedly expressed in various kinds of cells, such as endothelial cells, smooth muscle cells and macrophages, and in lesions such as neointima in response to hemodynamic force and inflammation. 8, 27 Furthermore, nNOS À/À mice exhibit the increased incidence of atherosclerotic lesions and neointimal formation. 8, 26 Recent studies have indicated that nNOS can compensate for the function of eNOS in eNOS À/À mice. For example, the expression of nNOS is upregulated in the brain, 28 the muscles 28 and the smooth muscle cells of coronary arteries 29 of eNOS À/À mice at the protein level. The distribution of nNOS in the retina of eNOS À/À mice is stronger in the vasculature of deep layer, where eNOS is abundantly expressed in wild-type mice than in wild-type mice. 30 Vasodilatation of coronary arteries by eNOS-producing NO is partially compensated for by nNOS in eNOS À/À mice. 31 In CA walls of eNOS À/À mice, the expression of nNOS is upregulated mainly in smooth muscle cells and endothelial cells, as shown in the studies of coronary arteries. In various pathological settings, in which the function of endothelial cells is suppressed through the damage of cells, nNOS may functionally compensate eNOS downregulation as the safety mechanisms against diseases. We should consider the possibility that the functional compensation can be achieved by the increased enzymatic activity of NOS not by the changes of expression itself. However, unfortunately, we have no suitable methods to assess the enzymatic activity of NOS in vivo, and hence there is certainly a limitation in this study. Interestingly, the compensational effects of nNOS have been observed only in small-to middlesized arteries but not in the aorta. These results may suggest a functional difference in the regulation of NOS expression according to the size of arteries and a similarity between cerebral arteries and coronary arteries. Furthermore, in cerebral arteries, we have first confirmed that nNOS can functionally compensate for the deficiency of eNOS.
In AAA, the polymorphism of eNOS (G894T) is reportedly associated with a mild risk of AAA. 32 In contrast, some recent studies on the polymorphism of eNOS have failed to demonstrate the positive relation with CA formation or rupture. 33 These results may suggest that the dysfunction of eNOS can be compensated for with nNOS upregulation in cerebral arteries unlike in the aorta and further strengthen the hypothesis that there is a functional difference in NOS regulation.
Previously, Abruzzo et al 34 demonstrated that eNOS deficiency contributed to CA formation, unlike the result of our study. However, there were some critical differences between their study and this study. Abruzzo et al 34 induced CA only by carotid ligation and observed longer period than our model. We could induce CA in wild-type mice as shown in this study, whereas they failed to induce CA in wild-type mice, suggesting the critical difference of two models. Furthermore, we and they used mice with different gender. Sex hormone, especially estrogen, is well known to have a vasoprotective and anti-inflammatory effect. 35 As inflammation in arterial walls greatly influence CA formation, 14, 36 estrogen with anti-inflammatory effect may have significantly participated in the pathogenesis of CA, resulting in the sex difference of CA formation. Furthermore, we demonstrated that nNOS compensated the eNOS deficiency in cerebral arteries. There are many reports indicating that estrogen regulates nNOS expression in both up-and down-regulated manner. [37] [38] [39] Combined with the above discussion, sex hormone, especially estrogen, has a considerable impact on CA formation and can greatly influence CA formation. This is because there may be a different result in CA formation of eNOS-deficient mice with different sex. Indeed, a previous study using rat CA model demonstrated that sex hormone significantly contributed to CA formation. 40 Another inducible type of NOS whose expression is activated by various stimuli is iNOS. Both eNOS and nNOS constitutively produce a small amount of NO and have their role under basal conditions. On the contrary, iNOS produces a large amount of NO in response to inflammatory stimuli and contributes to various inflammatory diseases. 7, 27 In CA, iNOS contributes to CA progression by inducing apoptosis in smooth muscle cells of CA walls. 14, 41 Furthermore, iNOS also contributes to the chronic inflammation by the production of reactive oxygen species in CA walls. 42 Combined with the results from this study, the NOS family has a close relation with CA formation. Both eNOS and nNOS are constitutively expressed in cerebral arteries and have the protective role in CA formation. On the contrary, the expression of iNOS is induced by inflammatory stimuli and contributes to the progression of CA.
Our data suggest that eNOS and nNOS have functional redundancy in cerebral arteries and have the coordinate role as key molecules for preventing the formation of CAs by reducing hemodynamic stress to arterial walls. At present, CA is managed by surgical clipping or coil embolization. There is no medical treatment to suppress the progression and rupture of CAs. In the future, it might be possible to modulate eNOS or nNOS expression to inhibit CA progression and thereby reduce the risk of subarachnoid hemorrhage.
